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Objective:Because stents can cause vessel angulation duringmovement, we hypothesized that internal carotid artery (ICA)
stents might lead to alterations of cerebropetal blood flow. This study assessed three-dimensional anatomy and
volumetric flow rate (VFR) in the ICA in various head positions by comparing patients treated with carotid angioplasty
and stenting (CAS) with patients treated with carotid endarterectomy (CEA).
Methods: Three-dimensional time-of-flight magnetic resonance angiography and magnetic resonance flow quantification
were performed on six subjects after CAS (median age, 70 years) and on six subjects after CEA (median age, 67 years). All
investigations were performed in five head positions: neutral, bent forward, bent backward, and turned to the treated,
ipsilateral side and to the contralateral side. Maximum-intensity projection reconstructions were obtained to measure
maximal angulation of the ICA in the forward, backward, ipsilateral, and contralateral positions compared with neutral.
Subsequently, the plane perpendicular to the ICA, 1 cm distal to the stent or 4 cm distal to the carotid bifurcation (CEA
patients), was established. The VFR through this plane was measured for each position, and the forward, backward,
ipsilateral, and contralateral positions were compared with neutral.
Results: In CAS patients, there was a median change in ICA angulation of10.2° (interquartile range,7.3° to17.9°)
in the forward position, compared with 0.2°(1.0° to 2.4°) in CEA patients (P  .016). In all other head positions,
there was no statistically significant difference in angulation change. There was no statistically significant difference in
VFR change between groups in any of the head positions tested.
Conclusions: There was a significant increase in ICA angulation in CAS patients if the head was bent forward; this was not
observed in CEA patients. This angulation change did not lead to significant acute changes in cerebropetal blood flow, but
it might have chronic effects not yet tested. (J Vasc Surg 2005;41:469-75.)Several large controlled trials1-3 have proven carotid
endarterectomy (CEA) to be superior to medical treat-
ment alone for symptomatic stenoses of the carotid
bifurcation. More recently, an alternative treatment has
emerged that has obviated the need for instrumentation
of the neck, namely, carotid angioplasty and stenting
(CAS).4-7 This treatment was initially used mainly in
patients with an increased surgical risk. Initial results
appeared promising, and the popularity of CAS has
increased substantially over the last few years; currently,
CAS is more often being advocated as an alternative to
CEA. Several controlled trials comparing CAS with CEA
are currently being conducted.8-10 However, long-term
results of CAS are still sparse, and several issues regarding
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One of these is the increased stiffness of the internal
carotid artery (ICA) resulting from the introduction of a
stent as compared with the situation after CEA.11-13 The
carotid bifurcation is located in a highly mobile part of
the human anatomy, and after the introduction of a
stent, it is only partially able to accommodate the
changes in geometry that result from physiologic move-
ments of the head, which may lead to kinking at the distal
end of the stent.14 Although the clinical importance of
carotid artery kinking remains controversial, significant
flow changes during head movements have been found
to be associated with ICA kinking.15 Magnetic reso-
nance (MR) phase-contrast flow quantification is a non-
invasive technique that can measure the blood flow in
separate arteries.16,17 It can be used to evaluate the
volumetric flow rate (VFR) in the ICA distal to the
stented or surgically treated segment. Furthermore, in
the same session, MR angiography (MRA) can depict the
anatomy of the ICA in the same head position, thus
allowing assessment of the correlation between its geom-
etry and the VFR. The aim of this study was to use MRA
and MR flow quantification to assess whether different
head positions affect ICA geometry and flow in patients
after CAS and CEA.
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Study design and study population. Six patients
treated with CEA and six treated with CAS between Janu-
ary 2002 and September 2003 were asked to participate in
this study. Only CAS patients treated with nonferromag-
netic self-expandable stents were eligible. Patients treated
with stainless-steel stents were excluded because the inher-
ent properties of these stents may produce artifacts on MR
imaging and MR flow measurements. Patients with signif-
icant preprocedural carotid elongation were also excluded
in both groups, because this might influence the results of
this study. All patients had been treated for symptomatic
stenoses at the carotid bifurcation of more than 70% ac-
cording to the North American Symptomatic Carotid End-
arterectomy Trial criteria. There were four men and two
women in the CAS group; three were treated on the left and
three on the right carotid bifurcation. The median age of
this group was 70 years (interquartile range [IQR], 67-71
years). Four patients were treated with a Precise stent
(Cordis J&J, Minneapolis, Minn; 7  20 mm, n  2; 8 
20 mm, n 1; 8 30 mm, n 1), one with a 7 30-mm
carotid SE stent (Medtronic, Minneapolis, Minn), and one
with a 6 to 8 40-mm Acculink stent (Guidant, Indianap-
olis, Ind). This last stent was placed across the carotid
bifurcation; all others were placed in the ICA only. The
CEA group consisted of five men and one woman (median
age, 67 years; IQR, 63-72 years). Four patients were
treated on the right and two on the left side. In all cases, a
patch was used: two with autologous venous material and
four with Dacron grafts (DuPont, Wilmington, Del). After
a median interval of 7 months (IQR, 5-8 months) in CAS
patients and 8 months (IQR, 7-8 months) in CEA patients,
MR imaging and MR flow measurements were performed.
The study was approved by the institutional human re-
search committees, and prior written informed consent was
obtained from all subjects.
Imaging. All MR investigations were performed with
a 1.5-T MR whole-body system (Sonata; Siemens Medical
Solutions, Erlangen, Germany). A circularly polarized head
array coil, a circularly polarized neck array coil, and a spine
coil were simultaneously used. First, a three-dimensional
time-of-flight (3D-TOF) MRA was performed. Sagittal
and coronal maximum-intensity projections were then cal-
culated. By using both of these maximum-intensity projec-
tions, the image plane for flow quantification was adjusted
orthogonally to the treated ICA 1 cm downstream from the
distal stent edge in CAS patients. In CEA patients, the
plane was positioned 4 cm downstream from the carotid
bifurcation. Subsequently, an MR flow measurement was
performed. The specifications of the MRA and MR flow
quantification sequence used are summarized in Appendi-
ces I and II, respectively (online only). Both sequences
were performed in five different head positions: neutral,
bent forward, bent backward, turned toward the treated
side (ipsilateral), and turned away from the treated side
(contralateral). Neutral was always used as the starting
position, but the subsequent order of positions was ran-domized. Patients were asked to place their heads in the
forward, backward, ipsilateral, and contralateral positions
in the maximum possible way. Head positions were defined
by measuring the angle between bony structures of the
head and the thorax for the forward and backward posi-
tions. For measurement of the ipsilateral and contralateral
positions, the angle between the midsagittal plane of the
head was compared with the anteroposterior axis. The
neutral position was considered to be 0° in both the trans-
verse and the sagittal plane.
All angulation measurements were performed on a
RadWorks 5.1 diagnostic radiology workstation (IBM
Corp, White Plains, NY). Flow measurements were per-
formed on a Sun Sparcstation (Sun Micosystems, Moun-
tain View, Calif) by using the software package FLOW
(Medis, Leiden, The Netherlands). The cross section of the
ICA was delineated by drawing contours on the magnitude
images through the cardiac cycle (Fig 1). Then, from the
velocity and the cross-sectional area, the volumetric flow
Fig 1. Magnetic flow magnitude image of a patient after stent
placement in the right internal carotid artery. The cross section of
the internal carotid artery was delineated by drawing contours on
the magnitude images through the cardiac cycle.(milliliters per second) was derived. Subsequently, integrat-
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milliliters per heart beat, which was equal to the area under
curve (Fig 2, online only). Finally, multiplying the volu-
metric flow per heart beat with the heart rate yielded the
VFR in milliliters per minute.
Statistical analysis. In each individual, neutral was
considered to be the standard for both ICA angulation and
VFR. In all head positions other than neutral, the angula-
tion and VFR were compared with neutral, and the differ-
ence was recorded. This then excluded baseline data and
allowed comparison between groups of the effect of the
head movements.
Data that were not normally distributed are presented
with median and IQR. For this type of data, differences
between groups were tested by using the Mann-WhitneyU
test. P .05 was regarded as statistically significant. Statis-
tical analyses were performed with SPSS 11.5/2002 (SPSS
Table I. Head position and corresponding change in angu
head positions (CAS patients)
Patient
No.
N F B
Head
(°)
ICA
(°)
Head
(°)
ICA  to N
(°)
Head
(°)
IC
1 0 12 16.5 20.1 20.6
2 0 63.9 10.6 11.2 14.2
3 0 77.9 27.1 6.7 17.7
4 0 3.9 14 9.1 18.4
5 0 24.6 15 2.1 23
6 0 37.4 18.7 47.3 21.8
Median
(IQR)
10.2 (7.3 to 17.9) 3.7 (
CAS, Carotid angioplasty and stenting;N, neutral; F, forward; B, backward;
neutral; IQR, interquartile range.
Table II. Head position and corresponding change in ang
head positions (CEA patients)
Patient
No.
N F B
Head
(°) ICA (°)
Head
(°)
ICA  to N
(°)
Head
(°)
ICA
1 0 36.3 15.2 0 12.7 
2 0 5.5 24.4 0.4 12.5
3 0 50.3 13.5 2.0 20
4 0 15.9 34.4 7.8 33.7
5 0 52.2 14 1.3 22.7 
6 0 12 15.1 3.1 17.7
Median
(IQR)
0.2 (1.0 to 2.4) 4.1 (
P value
compared
with CAS
.016*
CEA,Carotid endarterectomy;N, neutral; F, forward; B, backward; I, ipsilat
IQR, interquartile range; CAS, carotid angioplasty and stenting.
*Statistically significant.Inc, Chicago, Ill).RESULTS
Themedian degree of forward angulation of the headwas
15.8° inCAS patients and 18.9° inCEApatients. Themedian
backward angulations were 19.1° and 20.0°, respectively. The
median ipsilateral rotation of the head was 46.9° in CAS
patients and 48.3° in CEA patients. The median contralateral
rotations were 46.7° and 54.6°, respectively.
The degree of head movement and the concomitant
angulation change of the ICA, as observed on the MRA
images in individual subjects, are shown in Table I for CAS
patients and in Table II for CEA patients. In CAS patients,
the median increase of angulation at the distal stent end
during forward motion of the head was 10.2° (IQR, 7.3°-
17.9°). In CEA patients, it was 0.2° (1.0° to 2.4°), a
difference that was statistically significant (P .016; Fig 3).
In all other head positions, there was no statistically signif-
n of the internal carotid artery (ICA) in five different
I C
to N Head
(°)
ICA  to N
(°)
Head
(°)
ICA  to N
(°)
8 35.7 1.7 51.4 3.0
4 46.3 1.4 39 6.0
3 54 3.7 59.2 1.7
7 42.1 0.5 38.9 13.4
9 47.4 4.2 45.5 0.9
9 56.3 11.9 47.8 11.6
to 2.8) 1.4 (1.7 to 0.5) 3.0 (0.9 to 6.0)
ateral; C, contralateral;  to N, difference in ICA angulation compared with
on of the internal carotid artery (ICA) in five different
I C
N Head
(°)
ICA  to N
(°)
Head
(°)
ICA  to N
(°)
42.8 12.5 55.7 0
44.6 1.6 54.0 0.5
51.9 1 61.6 1.5
52 3.5 46.3 1.1
59.8 9.6 55.1 3.6
38.7 3.4 33.8 0.3
to 0.8) 2.5 (0.4 to 3.5) 0.4 (1.3 to 0.1)
.7 .4
, contralateral;  to N, difference in ICA angulation compared with neutral;latio
A 
(°)
2.
1.
9.
3.
3.
11.
3.9
I, ipsilulati
 to
(°)
16.3
0.8
7.3
1.3
11.6
1.9
10.5
.7
eral;Cicant difference between groups in angulation change.
A, e
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III and IV for CAS and CEA patients, respectively. There
was no statistically significant difference between groups in
VFR change in any of the head positions tested. The case
with the most profound kinking of the ICA (forward
position in CAS case 6), in which the angulation of the ICA
increased from 37.4° to 84.7°, showed an increase rather
than a decrease of VFR in the ipsilateral ICA.
DISCUSSION
The fact that head movements can cause changes in
Fig 3. Maximum-intensity projection images of a patie
CAS (right) in the neutral and forward head positions. Im
CAS patient, the stent is situated in the ICA, and the dis
angulation at the distal stent junction when the head is b
the CEA patient. In both patients, there was a mild in
ipsilateral ICA in the forward position. CEA, Carotid e
internal carotid artery, CCA, common carotid artery; ECcarotid blood flow in healthy subjects is well known andwasdescribed18 as early as 1964. These changes may be aggra-
vated by the increased kinking of the ICA that is observed
in some patients after CAS and might be the cause of
cerebral hypoperfusion in these head positions. In this
study, the increased stiffness of the ICA after CAS was
confirmed as a potential cause of increased angulation at the
distal stent end during forward bending of the head. This
phenomenon was not observed in CEA patients, in whom
there was amuchmore global curvature of the entire ICA as
a result of changes in head position. Conceptually, this
increased angulation in CAS patients might lead to a de-
er CEA with a dilatation patch (left) and a patient after
show the carotid artery from the same viewpoint. In the
nt junction is marked (arrowhead). Note the increase in
rward. The ICA shows a much more global curvature in
e rather than a decrease of volumetric flow rate in the
erectomy; CAS, carotid angioplasty and stenting; ICA,
xternal carotid artery.nt aft
ages
tal ste
ent fo
creas
ndartcrease in volumetric flow through the ICA during flexion of
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logically in daily life, for instance, when a patient falls asleep
while sitting in a chair. There was, however, no statistically
significant decrease in VFR associated with increased angu-
lation in our series.
The wide range of normal cerebropetal VFR is reflected
in the results, which show a substantial variation between
head positions and between subjects. As mentioned previ-
ously, the subject with the most profound increase in
angulation at the distal stent edge showed an increase
rather than a decrease of VFR in this head position. A
significant reduction of VFR, which we had hypothesized
might occur, was not found in any of our subjects. In a
controlled study by Malek et al,19 patients with known
internal carotid elongation were examined with transcranial
Doppler imaging. In the eight head positions tested in their
series, no reduction of middle cerebral artery flow was
found. Apparently, the ICA is able to conform to geometric
changes in physiologic situations even in the presence of
significant tortuosity.
Berkefeld et al13 proposed a method of measuring the
common carotid artery–ICA angle and the ICA offset
Table III. Volumetric flow rate (VFR) in the internal caro
Patient
No.
N VFR
(ml/min)
F
VFR
(mL/min)
 to N
(mL/min)
VFR
(mL/min)
1 279 292 13 267
2 260 237 23 241
3 216 193 23 219
4 196 236 40 229
5 286 285 1 265
6 396 509 113 425
Median
(IQR)
270
(245 to 284)
261
(236 to 290)
6
(18 to 33)
253
(232 to 267)
CAS, Carotid angioplasty and stenting; N, neutral; F, forward; B, backward
IQR, interquartile range.
Table IV. Volumetric flow rate (VFR) in the internal caro
Patient
No.
N VFR
(mL/min)
F B
VFR
(mL/min)
 to N
(mL/min)
VFR
(mL/min)
1 167 167 0 156
2 380 321 59 331
3 178 197 19 185
4 181 171 10 166
5 234 266 34 254
6 202 272 70 224
Median
(IQR)
192
(177 to 226)
232
(178 to 271)
10
(8 to 30)
205
(171 to 247)
P value
compared
with CAS
1
CEA, Carotid endarterectomy; N, neutral; F, forward; B, backward; I, ipsi
interquartile range; CAS, carotid angioplasty and stenting.before and after carotid stenting. They found a significantreduction in both common carotid artery–ICA angulation
and ICA offset after CAS, compared with baseline, in their
patients. The measurements in their series were all per-
formed in the neutral head position with the patient supine
on the angiography table. Kinking at the distal stent end
was observed in several cases, even in this neutral position,
but not structurally evaluated.
Although no acute reduction in cerebropetal blood
flow was found to be associated with the increased angula-
tion of the ICA caused by neck flexion in our series, the
repetitive changes in morphology may very well be associ-
ated with more chronic detrimental effects. The increased
stiffness caused by the introduction of stents has previously
been implicated as the cause of recurrent stenosis in arteries
subject to physiological flexion.20,21 Themechanism of this
re-stenosis formation has been hypothesized to entail pri-
marily the deposition of collagen as a reaction of the vessel
to oppose the strain caused by the stent struts.22 This same
mechanism may very well lead to similar effects in the
stented carotid artery. Angles at stent edges are instrumen-
tal in the velocity of overgrowth of endothelial cells to cover
the stent struts.23 Delayed overgrowth is associated with an
rtery distal to the treated segment (CAS patients)
I C
to N
L/min)
VFR
(mL/min)
 to N
(mL/min)
VFR
(mL/min)
 to N
(mL/min)
12 287 8 325 46
19 171 89 208 52
3 166 50 303 87
33 238 42 247 51
21 271 15 268 18
29 406 10 489 93
5
7 to 23)
255
(188 to 283)
4
(41 to 10)
286
(252 to 320)
49
(2 to 78)
ilateral; C, contralateral;  to N, difference in VFR compared with neutral;
rtery distal to the treated segment (CEA patients)
I C
to N
/min)
VFR
(mL/min)
 to N
(mL/min)
VFR
(mL/min)
 to N
(mL/min)
9 161 6 155 12
49 367 13 340 40
7 147 31 139 39
15 204 23 184 3
20 230 4 216 18
22 197 5 221 19
1
to 17)
201
(170 to 224)
6
(11 to 4)
200
(162 to 220)
15
(34 to 1)
.9 .9 .2
; C, contralateral;  to N, difference in VFR compared with neutral; IQR,tid a
B

(m
(1
; I, ipstid a

(mL



(14
lateralincreased risk of neointimal hyperplasia and re-stenosis.24
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of the human anatomy has been reported.25,26 So far, these
reports have been confined to arteries of the extremities.
No reports on fractured carotid stents have been published,
but this may change, and the clinical consequences of this
eventuality remain to be awaited.
Our study was limited to patients treated with seg-
mented nitinol stents. The most frequently used carotid
stent to date, both in our series and worldwide, is the
Wallstent (Boston Scientific, Natick, Mass), which is a
stainless-steel stent with continuous filaments. This type of
stent was not included in our current study on account of
the artifacts it might induce onMR imaging. The geometry
changes of this type of stent could conceivably be quite
different from our current findings. In an in vitro study by
Tanaka et al,27 the conformity of five different types of
self-expandable carotid stents was tested. They found bet-
ter wall apposition and less straitening and kinking of their
carotid bifurcation model when segmented nitinol stents
were used as compared with stents with continuous fila-
ments. Even these segmented nitinol stents, however,
showed considerable angulation in our in vivo study when
the position of the head changed.
We used MR imaging and MR phase-contrast flow
quantification to examine patients in our study. With these
techniques, no ionizing radiation is used. Increasing evi-
dence suggests that gadolinium-enhanced MRA may be
superior to 3D-TOFMRA for the grading of carotid bifur-
cation stenoses. We nevertheless decided to use 3D-TOF
because it was the morphology of the ICA that we were
trying to depict, rather than a possible stenosis, and this
method does not require the administration of intravenous
contrast agents. For the flow quantification sequence, we
used prospective cardiac triggering. This implies that flow
was measured from the electrocardiogram R wave to late
diastole. The end-diastolic phase coincides with the refrac-
tory period of the sequence when a new R wave of the
electrocardiogram is awaited. This does not seem to influ-
ence the results of our study, because the same sequence
was used in all head positions and in all patients, as sug-
gested by Ho et al.28 Furthermore, this part of the cardiac
cycle plays only a minor role in the total cerebropetal blood
flow.
The choice of the location of the plane for VFR mea-
surementmay seem rather arbitrary. Four centimeters distal
to the bifurcation and 1 cm distal to the stent both equate
to roughly the same segment of the vessel. This segment
did not contain significant tortuosity in any of the subjects
tested, which allowed accurate measurement. Because
volumetric flow was measured rather than velocity and
because there are no side branches in this segment, a
variation in location along this segment will not lead to a
difference in flow.
In conclusion, this study confirmed significant in-
creases in ICA angulation in patients treated with CAS if
the head was bent forward; this was not observed in patients
treated with CEA. Although this increased angulation did
not lead to acute changes in cerebropetal bloodflow, it ispossible that such angulation might result in chronic
changes, such as re-stenosis. This, however, remains to be
tested in future studies.
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Parameters of three-dimensional time-of-flight mag-
netic resonance angiography
Variable Setting
Distance factor 36.54% (3 partially overlapping
slabs)
Gap 26.6 mm
Phase-encoding direction Right to left
Slice oversampling 8%
Slice thickness 1.4 mm
Number of slices per slab 52
Field of view in read 200 mm
Field of view in phase 175 mm
Matrix 168  256 pixels
Voxel 1  0.8  1.4 mm
Slice resolution 64%
Phase partial Fourier 6/8
Slice partial Fourier 6/8
Repetition time 25 ms
Echo time 6.90 ms
Receiver bandwidth 81 Hz/pixel
Flip angle 25°
For three-dimensional slabs, there were three slabs in a transverse plane; a
tracking saturation band (gap, 10 mm; thickness, 40 mm) was applied
cranially for venous signal suppression. For tilted optimized nonsaturating
excitation (TONE) pulse, in three-dimensional time-of-flight, a TONEradiofrequency (RF) pulse was applied by using a ramped RF pulse. A 1-3
ramped RF pulse was selected, which was empirically determined in volun-
teers to be the optimal pulse in our setting.
Appendix II
Parameters of magnetic resonance flow quantification
Variable Setting
Phase-encoding direction Anterior to posterior
Field of view in read 200 mm
Field of view in phase 81.3%
Slice thickness 6 mm
Temporal resolution 35 ms (echo-shared)
Echo time 4.8 ms
Flip angle 25°
In-plane resolution 208  256 pixels, or 0.8  0.8 mm
Triggering Prospectively triggered by the ECG
R wave
Velocity sensitivity 120 cm/s in the through-plane
direction
Receiver bandwidth 331 Hz/pixel
Phase-encoding lines per
beat
3
ECG, Electrocardiogram.
artery during one cardiac cycle.
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cycle. The area under the curve (shaded) represents the total
cerebropetal volumetric flow rate through this internal carotid
